Slow-channel syndrome (SCS) is an autosomal-dominant disease resulting from mutations in muscle acetylcholine (ACh) receptor subunits. The associated fatigue and muscle degeneration are proposed to result from prolonged synaptic responses that overload intracellular calcium. Single-channel studies on reconstituted receptors bearing human mutations indicate that the prolonged responses result from an increase in receptor open duration and, in some cases, increased sensitivity to ACh. We show that both of these aberrant receptor properties are recapitulated in heterozygotic zebrafish bearing an L258P mutation in the ␣ subunit, thus affording the unique opportunity to compare the single-channel properties of mutant receptors to the synaptic currents in vivo. Whole-cell recordings revealed synaptic currents that decayed along a multiexponential time course, reflecting receptors containing mixtures of wild-type and mutant ␣ subunits. Treatment with quinidine, an open-channel blocker used to treat the human disorder, restored fast synaptic current kinetics and the ability to swim. Quinidine block also revealed that mutant receptors generate a large steady-state current in the absence of ACh. The spontaneous openings reflected a destabilization of the closed state, leading to an apparent increase in the sensitivity of these receptors to ACh. The effective block by quinidine on synaptic currents as well as nonliganded openings points to dual sources for the calcium-dependent myopathy in certain forms of SCS.
Introduction
Much understanding of slow-channel syndrome (SCS) has emerged since the underlying mutations in muscle acetylcholine (ACh) receptor subunits were first identified (Engel et al., 1993; Ohno et al., 1995) . To date, mutations in ␣, ␤, ␦, and subunits have been reported, the majority of which are located near or within the pore-forming regions Sine et al., 1995; Engel et al., 1996a; Gomez et al., 1996; Milone et al., 1997) . Mutations in the ␥ subunit likely escaped detection because the switch from the ␥ to the subunit enabled afflicted individuals to recover during early development (Hoffman et al., 2006) . Most mutations are manifest as a destabilization of the closed state in favor of the open state, leading to prolonged channel openings Sine et al., 1995; Engel et al., 1996b; Gomez et al., 1996; Milone et al., 1997) . This is causal to sustained depolarizations, excessive calcium entry, and postsynaptic degeneration (Engel et al., 1982; Gomez et al., 1997 Gomez et al., , 2002 . Single-channel studies on muscle from patients (Engel et al., 1996a; Milone et al., 1997) and heterologously expressed channels bearing the relevant mutations Engel et al., 1996a) point to two principal mechanisms causal to the stabilization of the open state: (1) altered intrinsic channel gating that results in a slowed channel-closing rate and (2) an increased apparent affinity to ACh causal to reopenings by channels Engel et al., 1996a; Milone et al., 1997) .
Recordings of spontaneous synaptic currents from patients (Engel et al., 1982; Sine et al., 1995) and transgenic mice expressing a mutant subunit (Gomez et al., 1996) point to multiple kinetic components of synaptic decay as causal to prolongation. In the case of ␣ subunit mutations, assignment of kinetic components to individual receptor isoforms is complicated by the presence of two copies in the receptor. Additionally, the ␥ and subunits compete for association with ␣, offering even greater potential for kinetic heterogeneity. Both of these sources apply to our zebrafish model for SCS, twister, which contains a point mutation in the acetylcholine receptor ␣ subunit. We now capitalize on the advantages of this zebrafish model, wherein recordings of singlechannel currents and synaptic currents can be performed in vivo to identify the individual kinetic components. In particular, our ability to heterologously express defined wild-type and mutant receptor isoforms enables assignment of the muscle counterparts.
Finally, for the first time, it was possible to test the functional effects of rescue by quinidine on in vivo synaptic currents. On the presumption that quinidine accelerates synaptic current decay, this long-lived open-channel blocker is widely used to treat humans with SCS (Harper and Engel, 1998; Fukudome et al., 1998) . We find that quinidine accelerated synaptic current decay but also showed an unexpected block of spontaneously open, nonliganded ACh receptors. Block of this standing source of depolarization and calcium entry likely represents an added restorative action by quinidine in patients afflicted with SCS.
Materials and Methods
Zebrafish (Danio rerio) were maintained in accordance with the standards set forth in the International Animal Care and Use Committee. The motility mutant twister line carries the formal nomenclature of nic1 twister dbn12 (Lefebvre et al., 2004) , but for the purposes of the present study will be referred to as either twi Ϫ/Ϫ for homozygous carriers or twi ϩ/Ϫ for heterozygous carriers. Animals of either sex were used for all experiments.
The methods used to record spontaneous synapticcurrentsandevokedsynapticcurrentswereidentical to those previously published (Mongeon et al., 2011) . Synaptic currents were recorded using a HEKA Instruments EPC-10/2 amplifier (Instrutech) and 1 M tetrodotoxin was added for spontaneous synaptic current recordings. Synaptic currents were sampled at 10 s and filtered at 5 kHz using Patchmaster software (Instrutech). Synaptic current decays of twi ϩ/Ϫ were fit offline to the sum of three exponential functions by Igor Pro (WaveMetrics) using the Levenberg-Marquardt algorithm to search for the minimum 2 value. The fit required the entire peak-to-end range for proper estimation of all three exponential components. For both single-channel and synaptic recordings, the overall mean Ϯ SD was computed on the basis of the mean value for individual recordings.
The n values refer to the number of recordings. The range of events used to compute the means are presented in the figure legends. The methods for paired motorneuron-muscle recording were identical to those previously published (Wen and Brehm, 2005) .
Single-channel recordings from fast skeletal muscle were made in the on-cell configuration using an Axopatch 200B amplifier (Molecular Devices). The electrode and bath solutions were identical to those published previously (Mongeon et al., 2011) . The muscle resting potential was estimated by adjusting the applied potential to eliminate all ACh-activated single-channel currents. Because the reversal potential of the ACh receptor is near 0 mV, this applied potential is taken as the muscle resting potential.
Single-channel currents from zebrafish receptors heterologously expressed in Xenopus oocytes used the outside-out patch configuration as previously published (Mongeon et al., 2011) . In these recordings, the oocyte membrane potential was directly established and no corrections were required. Single-channel records from both oocytes and muscle were acquired at 100 kHz and digitally filtered at 5 kHz. Individual channel events were detected based on half-amplitude tracking with TAC software (Bruxton) and events with burst durations Ͻ200 s were excluded. The single-channel burst duration and amplitude histograms were fit using TACfit software (Bruxton).
Macroscopic dose-response curves for applied agonists were performed using intact oocytes expressing specific receptor isoforms as previously described (Mongeon et al., 2011) . The ACh was applied at a flow rate that resulted in complete exchange within 2 s. The dose-response curves for each isoform were fit by the Hill equation using IGOR Pro 5.05 (Paradiso and Brehm, 1998) . Quinidine sulfate, choline chloride, and D-tubocurare were all obtained from Sigma Chemical and made fresh in recording solution before each experiment. ␣-Bungarotoxin was obtained from Invitrogen.
Fish movements were tracked at 1000 frames per second using a Fastcam 512-PCI camera (Photron Instruments) and were quantitated using Flote zebrafish behavioral analysis software (Burgess and Granato, 2007) .
Results

Synaptic currents
The behavioral consequences of the L258P mutation are manifest as an inability of either of twi Ϫ/Ϫ or twi ϩ/Ϫ fish to mount an effective swimming response during the first days of development (Lefebvre et al., 2004) . Heterozygotic fish eventually recover the ability to swim but homozygotic fish exhibit a complete deterioration of muscle and death within the first few days of development. Consequently, twi Ϫ/Ϫ muscle cells are leaky and resistant to whole-cell patch clamp. By contrast, twi ϩ/Ϫ fish were healthy enough at all stages for patch-clamp recordings. At 48 h postfertilization (hpf), corresponding to the height of behavioral defect, the decay time course of miniature endplate currents (mEPCs) was greatly prolonged compared with those recorded from wild-type muscle (Fig. 1 A) . Fit of the current decay from twi ϩ/Ϫ muscle generally required the sum of three exponential components termed the fast ( f ), intermediate ( i ), and slow ( s ) time constants. The average time constants corresponded to 1.1 Ϯ 0.3 ms, 8.6 Ϯ 2.5 ms, and 70.2 Ϯ 22.0 ms respectively ( Fig.  1 A, B) . This compares to 0.6 Ϯ 0.3 ms for 48 hpf wild-type fish, determined on the basis of a single exponential fit to the synaptic current decay. The average fractional contribution to overall peak synaptic current in twi ϩ/Ϫ corresponded to 0.45 Ϯ 0.09 for f , 0.40 Ϯ 0.09 for i and 0.15 Ϯ 0.08 for s (Fig. 1C) .
The influence of the complex synaptic current kinetics on action potential generation was next determined using two approaches. First, simulated command waveforms based on twi ϩ/Ϫ and wild-type synaptic current waveforms were injected directly into 48 hpf wild-type muscle (Fig. 2 A, B) . The current amplitudes were based on evoked synaptic currents obtained using motorneuron-skeletal muscle-paired recording. The decay time course was based on the mean time constants and fractional contribution by each exponential component. Under current clamp, both wild-type and twi ϩ/Ϫ synaptic waveforms consistently generated a single action potential ( Fig. 2 A, B) . Wild-type repolarization was rapid compared with twi ϩ/Ϫ , which exhibited a prolonged after-depolarization. Next, muscle responses were recorded in paired motorneuron-muscle current-clamp recordings (Fig. 2C,D) . The motorneuron action potentials were indistinguishable between twi ϩ/Ϫ and wild-type pairs and, once again, only a single muscle action potential was observed, despite the greatly prolonged depolarization. Thus, both approaches point to a maintained contraction in twi ϩ/Ϫ resulting from prolonged depolarization and not from repetitive firing of muscle action potentials.
Identifying the effects of the L258P mutation on gating of receptor isoforms
Recordings were made from zebrafish ACh receptors expressed in Xenopus oocytes to determine the effects of the ␣ subunit mutation on single-channel function. The oocytes were injected with RNA coding for the following combinations of zebrafish subunits: ␣␤␦␥, ␣␤␦, ␣ twi ␤␦␥, or ␣ twi ␤␦. Before single-channel recordings, dose-response relations to applied ACh were generated for whole oocytes expressing the different receptor isoforms. The relationships were then fit using the Hill equation and half maximum values were determined for each isoform (Fig. 3) . The average half-saturating concentrations for wild-type ␣␤␦␥ and ␣␤␦ receptors corresponded to 2.4 M and 1.7 M respectively. By contrast, the relationships for both receptor isoforms containing two ␣ twi subunits were shifted to lower concentrations. The mean half maximum corresponded to 12 nM for ␣ twi ␤␦␥ and 39 nM for ␣ twi ␤␦. Overall, this reflects a 200-fold increase in apparent sensitivity to ACh for ␣ twi ␤␦␥ and a 44-fold increase for ␣ twi ␤␦. Next, single-channel currents from identified isoforms were recorded using outside-out oocyte patches from Xenopus oocytes. Visual inspection of sample traces for each of the four isoforms tested points to large differences in burst duration between wild-type and mutant receptors ( Fig. 4 A-D) . Openings by both ␣ twi ␤␦␥ (Fig. 4 D) and ␣ twi ␤␦ (Fig. 4 B) receptors were considerably longer than wild-type ␣␤␦␥ (Fig. 4C ) and ␣␤␦ (Fig.  4 A) . Current-voltage relations obtained for both ␣ twi ␤␦␥ and ␣ twi ␤␦ singlechannel currents were linear and yielded slope conductances of 48 and 60 pS respectively (Fig. 4 E) . Both values were slightly lower than the ␣␤␦ and ␣␤␦␥ counterparts (Fig. 4 F) . The burst duration histograms for ␣␤␦ and ␣ twi ␤␦ were each fit with a single exponential (Fig. 4 A, B) with overall mean time constants corresponding to 0.32 Ϯ 0.05 ms and 9.27 Ϯ 2.74 ms respectively. In the specific case of ␣␤␦, the fast kinetics lim- Figure 3 . Dose-response curves obtained for receptor subunit combinations expressed in Xenopus oocytes. Oocytes expressing either ␣␤␦␥ (red), ␣␤␦ (black), ␣ twi ␤␦␥ (green), or ␣ twi ␤␦ (blue) were voltage-clamped at Ϫ50 mV and current responses to fast flow changes in ACh concentration were determined. Each point represents the mean Ϯ SD of the percentage of peak current determined for 6 -7 oocytes at each ACh concentration. The dose-response relationships between peak ACh-activated current and ACh concentration were fit to the Hill equation
n ) where I is the current at a given concentration of agonist A, I max is the peak ACh-activated current, K 1/2 is the half-maximal concentration, and n is the Hill coefficient. ited full resolution of the primary component of burst duration, so the mean time constant could potentially be even briefer than our estimate. The burst duration distribution for the ␣␤␦␥ isoform required two exponentials for fit (Fig. 4C) . The predominant component for ␣␤␦␥ corresponded to 0.67 Ϯ 0.30 ms and contributed 75 Ϯ 11% of total events whereas the minor slower component was 2.71 Ϯ 1.10 ms and contributed 25 Ϯ 11% of total events. The overall mean values for both wild-type ␣␤␦ and ␣␤␦␥ receptors were extracted from a large published database generated for reconstituted zebrafish receptors (Mongeon et al., 2011) . The burst duration for the ␣ twi ␤␦␥ isoform was well fit by a single exponential with a mean value of 37.28 Ϯ 12.66 ms, reflecting a 56-fold and 14-fold increase over the ␣␤␦␥ fast and slow components respectively (Fig. 4G ).
Single-channel counterparts in muscle
Single-channel recordings of ACh-activated currents from twi ϩ/Ϫ fast muscle were used to render assignment of the muscle receptors to specific receptor isoforms. Unfortunately, it was not possible to record ACh-activated currents from outside-out patches derived from muscle, so we turned to on-cell patch recordings. Recordings were first performed on twi ϩ/Ϫ fish at 48 hpf, the time corresponding to the height of the motility defect and the analysis of synaptic current time course (Fig. 5A) . The electrode contained 300 nM ACh to activate all of the isoforms present at this time. In three patches tested, two amplitude classes could be observed with slope conductances of 44.1 and 58.5 pS corresponding to ␥-containing and -containing receptors respectively (Fig. A, B) . The cumulative burst duration histograms for the example in Figure 5C were complex and required three exponentials for fit with mean time constants corresponding to 0.5, 3.4, and 44.8 ms. The individual burst components were next assigned to either -containing or ␥-containing receptors by separating the event classes on the basis of amplitudes (Fig. 5 D, F ) . The burst duration for the large amplitude class was fit by two exponentials with time constants of 0.5 and 4.8 ms (Fig. 5E ). These time constants correspond to the ␣␤␦ and ␣ twi ␤␦ receptors heterologously expressed in oocytes. The burst duration of the small-amplitude class (Fig. 5F ) was also fit by two exponentials with time constants of 1.6 and 47.1 ms (Fig. 5G) , corresponding to the ␣␤␦␥-receptor and ␣ twi ␤␦␥-receptor isoforms.
Further confirmation of assignment was made by recording from 24 hpf muscle, a time when expression is expected to be low (Fig.  6) . The first recordings of ACh-activated single-channel currents came from twi Ϫ/Ϫ (Fig. 6A-C) . In these fish, the ␣ twi ␤␦␥ isoform would be expected to be the predominant isoform. To maximize the openings at this early stage and minimize desensitization, the recordings were performed using 30 nM ACh. In seven recordings, we observed one single-amplitude class (Fig. 6A,B ) that corresponded to 44 pS (Fig. 6J,K) , which was similar to the 48 pS value measured for ␣ twi ␤␦␥ receptors. The open burst duration distribution for this class was well described by a single exponential function with time constant corresponding to 23.18 Ϯ 3.92 ms (Fig. 6C,L) . Thus, on the basis of slope conductance and burst duration, this class corresponds to ␣ twi ␤␦␥ receptors. Recordings from twi ϩ/Ϫ fish showed a class with similar amplitude (Fig. 6D,E) and conductance (Fig. 6J,K) . The burst duration histogram was also fit by a single exponential (Fig. 6F ) with time constants similar to those of the homozygous fish (Fig. 6L) .
Confirmation of the high conductance class assignments was made using 120 hpf twi ϩ/Ϫ fish. In these fish, most receptors would be expected to contain the subunit. Cell recordings revealed a single amplitude class of openings (Fig. 6G,H ) , with a slope conductance that corresponded to 62 pS (Fig. 6 J, K ) . The burst duration of this class required two exponentials for fit with mean time constants corresponding to 0.41 Ϯ 0.12 ms and 7.38 Ϯ 1.86 ms (Fig. 6 I, L) . These likely reflect mixed openings by ␣ twi ␤␦ and ␣␤␦ receptors on the basis of conductance and burst duration.
Agonist and antagonist gating of mutant receptors
Alterations in the gating equilibrium were tested for possible involvement in heightened sensitivity to ACh for receptors harboring the twister mutation. First, we examined mutant receptors in the absence of ACh for evidence of nonliganded openings. Nonliganded openings were determined on the bases of both singlechannel and macroscopic current recordings from oocytes. In both cases the recording chamber was washed thoroughly to avoid lingering low concentrations of ACh. At the single-channel level, nonliganded openings corresponding to either ␣␤␦ or ␣␤␦␥ receptors were too rare to be annotated. By contrast, both ␣ twi ␤␦␥ and ␣ twi ␤␦ receptors consistently showed singlechannel openings in outside-out patches in the absence of applied ACh. The frequency of the openings for ␣ twi ␤␦␥, however, was orders of magnitude greater (Fig. 7A) . The burst duration was brief in the absence of ACh compared with that seen in the presence of ACh, likely reflecting further stabilization of the open state in the presence of ACh (Fig. 7A) . The openings in the absence of ACh point toward altered gating rather than altered binding as responsible for increased sensitivity to ACh (Jackson, 1984; Zhou et al., 1999) . 1065 events) . E, The burst duration for large amplitude events was fit with two exponential components with time constants corresponding to 0.5 and 4.8 ms. F, The distribution of small amplitude openings used to generate the burst duration in G (n ϭ 731 events). G, The burst duration for small amplitude events was fit with two exponential components with time constants corresponding to 1.6 and 47.1 ms.
Next, we searched for evidence of a macroscopic equivalent of nonliganded ACh receptor channel openings in oocytes expressing ␣ twi ␤␦␥ receptors. As a measure of nonliganded openings we tested two blockers of ACh receptors, the open channel blocker quinidine and the irreversible blocker ␣-bungarotoxin (␣-btx). ␣-btx was tested at 1 M, while quinidine was tested at 100 M corresponding to 20-fold higher than used previously in singlechannel studies (Fukudome et al., 1998) . This concentration was chosen to provide maximal block of spontaneous receptor openings by use of a slow channel blocker. In oocytes expressing either ␣␤␦␥ or ␣␤␦ receptors, neither agent had an effect on holding current (Fig. 7C) . By contrast, both agents led to large decreases in holding current in oocytes expressing ␣ twi ␤␦␥ receptors (Fig.  7 B, D) . Pretreatment with ␣-btx eliminated the effects of quinidine, showing that the two agents were working through the same population of ACh receptors (Fig. 7D) . To estimate the fraction of total available ACh-activated current contributed by spontaneous openings, we first determined the amplitude of quinidinesensitive holding current, then washed off the quinidine, and then treated with 300 nM ACh to activate all available receptors (Fig. 7B) . The ratio of quinidine-sensitive holding current to peak ACh-activated current ␣ twi ␤␦␥ averaged 0.12 Ϯ 0.07 (n ϭ 8; Fig. 7C ). This is remarkably high in light of the fact that the burst duration for spontaneous events is much briefer than in the presence of ACh (Fig. 7 A, B) . Only small decreases in holding current were observed following quinidine treatment for ␣ twi ␤␦ receptors.
Next, choline, a very weak agonist of muscle nicotinic receptors, was tested for activation of mutant receptors (Fig. 8A) . Application of 1 mM choline to oocytes expressing wild-type receptors resulted in weak fractional activations corresponding to 0.04 Ϯ 0.01 for ␣␤␦␥ and 0.03 Ϯ 0.02 for ␣␤␦ receptors (Fig. 8A,B) . By contrast, application of choline to either ␣ twi ␤␦␥-receptor or ␣ twi ␤␦-receptor isoforms resulted in strong activation of inward current (Fig. 8A,B) . The fractional activation for ␣ twi ␤␦␥ and ␣ twi ␤␦ receptors corresponded to 0.92 Ϯ 0.05 and 0.95 Ϯ 0.04, both comparable to ACh activation (Fig. 8B) . The antagonist D-tubocurare was also tested for partial agonist action (Fig. 8A) . Application of 10 M curare failed to significantly activate either ␣␤␦␥ or ␣␤␦ receptors (Fig.  8B) . However, significant responses were observed for both ␣ twi ␤␦␥-receptor and ␣ twi ␤␦-receptor isoforms (Fig. 8A,B) . The mean fractional activation corresponded to 0.17 Ϯ 0.08 for ␣ twi ␤␦␥ and 0.35 Ϯ 0.09 for ␣ twi ␤␦ receptors (Fig. 8B) .
Quinidine effects on synaptic currents and nonliganded receptor openings
As quinidine is used for clinical treatment of patients afflicted with slow-channel syndrome, we were prompted to directly test the effects on twi ϩ/Ϫ fish. First, the effects on swimming were tested before and after treatment with quinidine (Fig. 9A) . As early as 48 hpf, wild-type fish could generate alternating contractions as quantitated with motiontracking software (Fig. 9A, top) . At this age, mutant fish were only able to generate a single maintained bend following mechanical stimulation (Fig. 9A, bottom) . To test for improvement, a high quinidine concentration of 50 M was added to the bath solution for 10 min, after which the fish were placed in a quinidine-free bath solution for testing. The high concentration was used to facilitate entry into the live animal from the bath solution. In all, fish showed marked improvement in 7 of 10 testing groups in the ability to perform alternating contractions like those seen in wildtype fish (Fig. 9A ). Next, we tested the effects of quinidine on synaptic currents. For this purpose, mEPCs recorded from twi ϩ/Ϫ fast muscle were compared before and after addition of 10 M quinidine (Fig. 9B) . The mean amplitude of spontaneous synaptic currents was reduced on average by 45.9% in response to quinidine. However, the most pronounced effect of the treatment was a greatly accelerated decay phase of the synaptic currents (gray open circles; n ϭ 7), 24 hpf twi ϩ/Ϫ (black open circles; n ϭ 9) and 120 hpf twi ϩ/Ϫ (filled circles; n ϭ 10) fish. A range of 17 to 140 events was used to calculate each point on the current-voltage relationship. K, Mean slope conductance Ϯ SD calculated for 24 hpf twi Ϫ/Ϫ (43.7 Ϯ 4.0 pS), 24 hpf twi ϩ/Ϫ (44.7 Ϯ 3.1 pS), and 120 hpf (62.3 Ϯ 3.6 pS) shown alongside individual slope conductance values. L, The mean burst durations Ϯ SD for 24 hpf twi Ϫ/Ϫ (25.6 Ϯ 3.4 ms; n ϭ 5), 24 hpf twi ϩ/Ϫ (23.2 Ϯ 3.9 ms; n ϭ 5), and 120 hpf twi ϩ/Ϫ (7.4 Ϯ 1.9 ms and 0.41 Ϯ 0.12 ms; n ϭ 10) are shown along with the individual cell averages. A range of 376 to 1170 events was used to calculate the burst duration. All data were obtained using 30 nM ACh. (Fig. 9B) . The triple exponential decay of synaptic currents in the twi ϩ/Ϫ fish was converted to a decay that followed a single exponential time course with a mean time constant corresponding to 0.85 Ϯ 0.40 ms (Fig. 9 B, C) . There was no evidence of a slow or intermediate component of synaptic current decay at this concentration.
Discussion
Slow-channel syndrome is a form of human congenital myasthenia associated with point mutations in the muscle nicotinic receptor subunits. Mutations in the ␣, ␤, ␦, and subunits have been identified and most of these mutations are located in transmembrane domains Sine et al., 1995; Engel et al., 1996a; Gomez et al., 1996; Milone et al., 1997) . Recordings from human biopsy muscle Engel et al., 1996a) and findings from transgenic mice overexpressing mutant subunits (Gomez et al., 1997 (Gomez et al., , 2002 have indicated prolonged synaptic potentials. However, the bulk of information regarding the functional consequences of individual mutations in humans has been extracted from single-channel studies on mutated receptors. Overall, these measurements have pointed to a panel of functional alterations that are, to a large extent, shared by the different mutations. Topping the list are altered rate constants for channel gating that lead to prolonged channel openings, the presumed underpinnings of synaptic current prolongation Engel et al., 1996a; Milone et al., 1997) . Additionally, some of the mutations increase the sensitivity to ACh Engel et al., 1996a; Milone et al., 1997) as well as alter the desensitization kinetics (Engel et al., 1996a; Milone et al., 1997) . These functional alterations lead to enhanced receptor openings, causal to prolonged contractions and calcium overload.
The zebrafish mutant twister was identified through a dominant motility screen and mapped to an L258P mutation in the pore-lining M2 domain of the ␣ subunit (Lefebvre et al., 2004) . Recordings from twi ϩ/Ϫ revealed greatly prolonged synaptic currents, which result in a persistent depolarization. A single action potential accompanied the depolarization and subsequent firing was prevented until repolarization occurred. Because wild-type synaptic currents result in spikes that repolarize quickly, they are able to follow frequencies in excess of 200 Hz (Wen and Brehm, 2005) . These findings suggest that persistent depolarization, rather than persistent firing of action potentials, is most directly involved in causing the maintained contraction.
Mutations in the ␣ subunit differ from those in the ␤, ␦, , and ␥ subunits by virtue of two subunit copies in the same receptor. Consequently, in slow-channel syndrome, we would expect multiple functional receptor isoforms, attributable to mixtures of wild-type and mutant ␣ subunits. An additional layer of functional complexity is potentially introduced by the developmental switch between the ␥-receptor and -receptor isoforms (Mongeon et al., 2011 Openings by nonliganded ␣ twi ␤␦␥ receptors expressed in Xenopus oocytes. A, Outside-out patch recordings of ␣ twi ␤␦␥ receptors before (top trace) and after (bottom trace) additionofACh(nϭ6patches).B,Recordingsofmacroscopiccurrentinoocytesexpressing␣ twi ␤␦␥and held at Ϫ50 mV. Shown are the baseline current in the absence of ACh, the decrease in holding currentuponadditionof100Mquinidine(arrow)and,followingwashoutofthequinidine,thelarge inward current that occurred following addition of 300 nM ACh (arrow) to the oocyte. C, Overall comparisonsoftheeffectofquinidinetoreducetheholdingcurrentintheabsenceofAChactivationofthe different receptor isoforms. The fractional peak current was determined on the basis of reduction in holding current in the presence of 100 M quinidine relative to total ACh-activated current following washout of quinidine. The mean Ϯ SD are shown and the number of oocytes tested is indicated. D, Traces from an oocyte expressing ␣ twi ␤␦␥ receptors showed decreases in holding current in responsetoindividualapplicationofeither1M␣-btx(blacktrace)or100Mquinidine.Theresponse to the first application of quinidine was allowed to recover before the oocyte was treated with ␣-btx. Following treatment with ␣-btx, the oocyte showed no response to further application of quinidine (gray arrow).
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Figure8. Potencyofactivationof␣ twi ␤␦␥receptorsbyACh,choline,andcurare.A,Recordingof macroscopic current in oocytes expressing ␣ twi ␤␦␥ and held at Ϫ50 mV. Addition of either 10 M curare, 1 mM choline, or 300 nM ACh effectively evoked an inward current. B, Overall comparisons of activationbycholine(black)andcurare(gray)oneachofthedifferentreceptorisoforms.Thebargraph reflects the mean fractional activation Ϯ SD of peak ACh-activated current associated with either curare or choline treatment and the number of oocytes tested is indicated.
the unique opportunity to perform in vivo recordings from twi ϩ/Ϫ muscle, it was possible to resolve three kinetic components of the synaptic decay in twi
. To assign synaptic components to individual receptor isoforms, we reconstituted both wild-type and ACh receptors bearing the twister mutation in Xenopus oocytes to examine single receptor gating properties.
Single-channel studies at 48 hpf formed the initial bases for assignment of the isoforms underlying individual components. At this stage, both ␥-receptor and -receptor isoforms were present, as reflected in the two conductance classes. The overall burst duration histogram required three exponential components for fit. The fast component fell within the mixed time constants for the ␣␤␦␥ and ␣␤␦ receptors (Mongeon et al., 2011) . The intermediate time constant was assigned to the high conductance isoform and corresponded to the ␣ twi ␤␦, whereas the slow time constant was assigned to the low-conductance isoform and corresponded to ␣ twi ␤␦␥. These assignments were further strengthened by recordings at 24 hpf, where receptor isoforms were principally ␥-containing isoforms, and recordings at 120 hpf, where receptor isoforms were principally -containing isoforms. While the slow component of synaptic current decay matches best the mean burst duration for the ␣ twi ␤␦␥ receptor, overall comparisons indicate a twofold longer average for the decay. This difference is further reflected in singlechannel measurements from muscle at both 24 and 48 hpf. This difference may reflect the reopening of receptors during the synaptic event. Reopening has been predicted to occur on the basis of the estimated rate constants for channel opening and ligand dissociation from single-channel studies (Colquhoun and Hawkes, 1982; Sine and Steinbach, 1986) . This may be exacerbated by both the leftshifted sensitivity of mutant receptors to ACh and/or by incomplete hydrolysis of ACh, a feature associated with early synapse development allowing rebinding by ACh and persistent reopening of ␣ twi ␤␦␥ receptors (Kullberg et al., 1980; Nguyen et al., 1999; Drapeau et al., 2001) .
In human SCS mutations, shifts in apparent affinity Engel et al., 1996a; Milone et al., 1997) , the efficacy of weak agonists and competitive antagonists (Milone et al., 1997) , and spontaneous openings Engel et al., 1996a; Grosman and Auerbach, 2000) have all been reported. Such changes have been proposed to result from stabilization of the open state through changes in the diliganded and nonliganded gating equilibrium constants (Jackson, 1984 (Jackson, , 1986 Grosman and Auerbach, 2000) . In the absence of agonist, wild-type receptors have a low probability of opening because the closed conformation is energetically favored (Purohit and Auerbach, 2009; Auerbach, 2010) . Reducing the free energy difference between the open and closed states increases the frequency of nonliganded spontaneous openings and shifts the midpoint of the dose-response curve to lower concentrations. This allows a weak agonist, like choline, to effectively gate the receptor (Jadey et al., 2011) .
Increased burst duration, spontaneous openings, enhanced sensitivity to ACh and gating by the weak agonist choline were all properties of receptors containing the mutant ␣ subunit. Both ␣ twi ␤␦␥ and ␣ twi ␤␦ showed left-shifted dose-response curves and effective gating by choline. However, both burst duration and the frequency of spontaneous openings were much higher for the ␣ twi ␤␦␥ isoform, pointing to differential interdependence of mutant ␣ on versus ␥ subunit. For example, 30 nM ACh activates both short (␣␤␦-like) and long (␣ twi ␤␦-like) burst duration components at 120 hpf in twi ϩ/Ϫ fish. This low concentration would not be expected to activate wild-type receptors. By contrast, in 24 hpf twi ϩ/Ϫ , there was no evidence of short (␣␤␦␥-like) bursts at 30 nM ACh. Instead, evidence indicated only the very long ␣ twi ␤␦␥ bursts. This points to the possible existence of a distinction between effects of mutant ␣ on ACh sensitivity and gating when formed with the instead of the ␥ subunit. Our ability to draw firm conclusions about the receptor isoform and functional consequences is greatly compromised by the uncertainty surrounding receptors with a single mutant ␣ subunit. Because receptors with two mutant ␣ subunits can function, it is reasonable to surmise that receptors with single mutant subunits can function. However, we were unable to determine whether any or all of these functional properties are shared by receptors containing two mutant ␣ subunits versus a single mutant ␣. The consequences may not be shared by receptors formed through association with the ␥ versus subunit. A second source of potential complication may relate to the position of a single mutant ␣ subunit relative to the ␦ subunit. In other words, the interaction of mutant ␣ may differ when partnered with ␦ than when partnered with either ␥ or .
Openings by the embryonic ␣ twi ␤␦␥ isoform are effectively blocked by quinidine. Quinidine is a long-lived open-channel blocker used to treat humans afflicted with slow-channel syndrome (Fukudome et al., 1998; Harper and Engel, 1998) . Due to the technical limitations involving human subjects, the effects on synaptic current have never been tested. The prediction that quinidine would A B C Figure 9 . Effect of quinidine on swimming and synaptic current decay. A, Swimming behavior in 48 hpf wild type (top), twi ϩ/Ϫ (bottom; black) and twi ϩ/Ϫ treated with quinidine (bottom; red). Curvatureismeasuredin1msincrementswhereeachpointisthesumoftheheadandtailbendangle relative to the central body axis. B, Normalized mEPC recorded from twi ϩ/Ϫ 48 hpf fast muscle cell before and after addition of 10 M quinidine. Before application, the decay was fit by a triple exponential function (red overlay) and after treatment was fit with a single exponential function (red overlay).C,Scatterplotofindividualdecaytimeconstantsforwildtype(blackopencircles;nϭ6cells; 87events),andquinidine-treatedtwi ϩ/Ϫ (redopencircles;nϭ7cells;80events)shownalongside meanϮSD(filledcircles).ThemeanϮSDforthethreetwi ϩ/Ϫ timeconstants (Fig.1B) isshownas open squares for comparison.
serve as a channel blocker to accelerate synaptic current decay was based on the single-channel studies. Our recordings provide the first measure of effectiveness and substantiate the predicted effect. In response to 10 M quinidine, the synaptic current decay time course shortened greatly and to the same extent seen for native adult wild-type receptors. The decay of synaptic current is complete and shows no sign of incomplete block, rendering it a powerful prophylactic treatment. Quinidine likely also carries a previously unappreciated source of treatment in the block of nonliganded spontaneous mutant receptor openings. For ␣ twi ␤␦␥ receptors, the nonliganded openings account for nearly 15% of the total available receptors. Such a large steady-state current is predicted to outweigh the total integrated current associated with low-frequency synaptic responses.
Finally, much evidence exists in support of long-term postsynaptic deterioration in humans afflicted with slow-channel syndrome Salpeter, 1979, 1982; Engel et al., 1982 Engel et al., , 1996a Gomez et al., 1996 Gomez et al., , 1997 Gomez et al., , 2002 Milone et al., 1997) and has been directly linked to the calcium entering during the prolonged depolarization associated with synaptic currents (Gomez et al., 2002) . Additional contributions by spontaneous receptor openings to postsynaptic degeneration were proposed for humans with slow-channel syndrome (Engel et al., 1996a) . So, as with human slow-channel syndrome, there are two potential sources for calcium overload in twi Ϫ/Ϫ fish: prolonged synaptic current and spontaneous receptor openings. The fact that quinidine so effectively blocks both sources points to a dual role for this drug in preventing muscle degeneration resulting from calcium overload.
